Demand for energy is projected to increase at least twofold by mid-century relative to the present global consumption because of predicted population and economic growth. This demand could be met, in principle, from fossil energy resources, particularly coal. However, the cumulative nature of carbon dioxide (CO 2 ) emissions demands that stabilizing the atmospheric CO 2 levels to just twice their pre-anthropogenic values by mid-century will be extremely challenging, requiring invention, development and deployment of schemes for carbon-neutral energy production on a scale commensurate with, or larger than, the entire present-day energy supply from all sources combined. Among renewable and exploitable energy resources, nuclear fusion energy or solar energy are by far the largest. However, in both cases, technological breakthroughs are required with nuclear fusion being very difficult, if not impossible on the scale required. On the other hand, 1 h of sunlight falling on our planet is equivalent to all the energy consumed by humans in an entire year. If solar energy is to be a major primary energy source, then it must be stored and despatched on demand to the end user. An especially attractive approach is to store solar energy in the form of chemical bonds as occurs in natural photosynthesis. However, a technology is needed which has a year-round average conversion efficiency significantly higher than currently available by natural photosynthesis so as to reduce land-area requirements and to be independent of food production. Therefore, the scientific challenge is to construct an 'artificial leaf' able to efficiently capture and convert solar energy and then store it in the form of chemical bonds of a high-energy density fuel such as hydrogen while at the same time producing oxygen from water. Realistically, the efficiency target for such a technology must be 10 per cent or better. Here, we review the molecular details of the energy capturing reactions of natural photosynthesis, particularly the water-splitting reaction of photosystem II and the hydrogen-generating reaction of hydrogenases. We then follow on to describe how these two reactions are being mimicked in physico-chemical-based catalytic or electrocatalytic systems with the challenge of creating a large-scale robust and efficient artificial leaf technology.
Introduction
Natural photosynthesis is the process by which sunlight is captured and converted into the energy of chemical bonds of organic molecules that are the building blocks of all living organisms and also of oil, gas and coal. These fossil fuels are the products of photosynthetic activity millions of years ago and provide us with most of the energy needed to power our technologies, heat our homes and produce the wide range of chemicals and materials that support everyday life. Sooner or later, the readily available reserves of fossil fuels will become scarce and then what? Even before then, as a consequence of our ever-growing use of oil, gas and coal, we are faced with the problem of increasing levels of CO 2 and other greenhouse gases in the atmosphere with implications for global climate change.
The success of photosynthesis as an energy-generating and -storage system stems from the fact that the raw materials and power needed for the synthesis of biomass are available in almost unlimited amounts; sunlight, water and CO 2 . At the heart of the photosynthetic process is the splitting of water by sunlight into oxygen and hydrogen equivalents. The oxygen is released into the atmosphere where it is available for living organisms to breathe and for burning fuels to drive our technologies. The hydrogen equivalents are used to reduce CO 2 to sugars and other organic molecules of various types. When we burn fuels (fossil, biomass and other biofuels) to release energy, we are simply combining the 'hydrogen' stored in these organic molecules with atmospheric oxygen to form water, so completing a cycle started millions of years ago. Similarly, energy is also released from the organic molecules which constitute our food, when they are metabolized within our bodies by the process of respiration. Thus, in the biological world, photosynthesis brings about the splitting of water into oxygen and 'hydrogen', whereas respiration is the reverse, combining oxygen and hydrogen in a carefully controlled and highly efficient way so as to create metabolic energy. Therefore, from an energetic view, the synthesis of organic molecules represents a way of storing hydrogen and therefore storing solar energy in the form of chemical bonds ( figure 1) .
In this study, we will briefly emphasize the enormity of the energy/CO 2 problem that we face within the coming decades and discuss the contributions that could be made by fuels derived directly from developing new technologies based on the successful principles of natural photosynthesis. We will particularly emphasize the possibility of exploiting the vast amounts of solar energy available to split water to produce dioxygen and the hydrogen equivalents required to produce fuels such as alcohols and methane, and particularly the simplest of all solar fuels, hydrogen gas. This technology we will refer to as artificial photosynthesis.
Global energy consumption and the enormity of the problem
At the present time, the rate of global energy consumption is in the region of 16.3 TW [1] , with the USA and the extended EU each representing about 40 per cent of this. In future, this global value will rise owing to industrialization in underdeveloped and developing countries coupled with increasing world population. Based on current projections, the global annual energy consumption rate will reach 20 TW or more by 2030, doubled by 2050 and tripled by the end of the century [2] [3] [4] . About 85 per cent of the total global energy consumed at present comes from burning fossil fuels with the proportion approaching 90 per cent for developed countries. Oil, gas and coal contribute approximately equally to this demand. The remaining sources of energy are hydroelectric, nuclear, biomass and renewable, such as solar, wind, tide and wave. At present, the use of biomass is a major player and is mainly localized in underdeveloped regions such as Africa and India where wood and other organic matter is used as a fuel. Much of this is not strictly renewable, because there is no planned regeneration and the trend is towards more use of fossil fuels. The low level of contribution of non-fossil energy sources to present-day global energy demand reflects the readily available resources of oil, gas and coal. Even when oil reserves become limiting, there will remain large reservoirs of gas (including from shale) and, particularly, coal to exploit [5] . Therefore, in the global arena, the problem for the immediate future is not a limitation of fossil fuel reserves but the consequences of its combustion. If the total fossil fuel reserve is burnt, then the CO 2 level in the atmosphere and oceans would rise to values equivalent to those that existed on our planet long before humankind evolved [6] . Despite this consideration, it is certain that fossil fuels will continue to be a major source of energy for humankind for some years to come but it is vital that they should be used in such a way as to minimize CO 2 release into the atmosphere. Technologies for sequestration of CO 2 must be developed [7] . Hand in hand with this, there will almost certainly be an improvement in the efficiency of energy use and supplementation whenever possible from non-fossil fuel sources. Against this background, we must also strive to develop new technologies based on principles that have yet to be revealed from basic studies and in particular those that focus on using the enormous amount of energy available to us as solar radiation [8] . The sun provides solar energy to our planet on an annual basis at a rate of 100 000 TW. Therefore, the energy from 1 h of sunlight is equivalent to all the energy humankind currently uses in a year. We do have existing technologies to capture sunlight and produce electricity and the efficiency and robustness of these photovoltaic systems is improving daily [9, 10] . Compared with the present-day price of fossil fuels, photovoltaic systems represent an expensive way to generate electricity because of the high cost of their construction. In time, these costs will decrease relative to the cost of fossil fuel. Moreover, a blending of the principles of photovoltaic systems, especially those using cheap organic or inorganic materials, with concepts Figure 1 . A diagrammatic representation of energy flow in biology. The light reactions of photosynthesis (light absorption, charge separation, water splitting, electron/proton transfer) provides the reducing equivalents in the form of energized electrons (e) and protons (H þ ) to convert carbon dioxide (CO 2 ) into carbohydrates (CH 2 O) and other organic molecules which make up living organisms (biomass), including those that provide humankind with food. The same photosynthetic reactions gave rise to the fossil fuels formed millions of years ago. The burning of these organic molecules either by respiration (controlled oxidation within our bodies) or by combustion of biomass and fossil fuels to power our technologies, is the reverse to photosynthesis, releasing CO 2 and combining the stored 'hydrogen' back with oxygen to form water. In so doing energy, which is originated from sunlight, is released.
derived from natural photosynthetic systems may ultimately provide a long-term solution in the form of artificial photosynthesis technology [4, 8] . In considering this long-term solution, let us take a look at the efficiency of the natural photosynthetic process.
Natural photosynthesis

Efficiency
As emphasized in figure 1, photosynthesis is a process that converts light energy into the organic molecules of biomass which is composed of mainly carbohydrates symbolized as CH 2 O. To estimate the efficiency of this process, two main factors must be appreciated.
(i) Although photosynthetic organisms can efficiently trap light energy at all wavelengths of visible solar radiation, the energy used for splitting water and reducing CO 2 is only equivalent to the red region of the spectrum. Higher energy photons are degraded to heat by internal conversion within the light-harvesting pigments to the energy level of 'red' photons at about 1.8 eV.
(ii) For every electron/proton extracted from water and used to reduce CO 2 , the energy of two 'red' photons is required. This is accomplished by linking together, in series, two different photosystems, photosystem II (PSII), which uses light to power the extraction of electrons/protons from water, and photosystem I (PSI), which uses light to provide additional energy to the 'PSII-energized' electrons/ protons so as to drive the CO 2 -fixation process (figure 2). Therefore, in photosynthesis, the energy of at least eight 'red' photons is required per O 2 molecule released or CO 2 molecule fixed. A typical product of carbon fixation is glucose (C 6 H 12 O 6 ) whose energy content is 673 kcal per quantum mole (2805 kJ mole 21 ) when burnt in a calorimeter.
To make a glucose molecule, the energy of 48 'red' photons is required and assuming a wavelength of 680 nm, corresponding to 42 kcal per quantum mole (175 kJ mole
21
), gives the efficiency of conversion at about 30 per cent. Although this is an impressive number, in reality, the overall conversion of solar energy to the glucose and the very large variety of other organic molecules that constitutes biomass, is much lower. Energy is lost through degrading shorter wavelength light (e.g. blue light) to the energy of 'red' photons, by saturation processes and more significantly, in driving the enormous number of reactions that occur in photosynthetic organisms to maintain their organization, metabolism, reproduction and survival. Taking these various factors into account, the estimated maximum efficiency of photosynthesis is about 4.5 per cent [11 -15] . In fact, an efficiency of 4.5 per cent is rarely reached. Only in exceptional cases will dry matter yield exceed 1 or 2 per cent, such as with the intense growing of sugar cane in tropical climates or with optimized culturing of algae. Normally, agricultural crops produce yields of biomass at efficiencies less than 1 per cent, even when pampered with ample supplies of fertilizer and water. Environmental conditions, degree of light interception, nutrient and water supply are key factors in reducing the efficiency below the maximum, whereas specific genetic characteristics of particular plant species also dictate growth rates and maximum yields of biomass.
On a global basis, the efficiency of photosynthesis is significantly lower than for agricultural and energy crops or algal cultures growing under optimal conditions because of seasonal changes and the existence of large portions of land and oceans on our planet that do not sustain significant levels of photosynthetic activity [13] . Thus, the rate of energy storage averaged over a year by photosynthesis is 100 TW, representing just 0.1 per cent conversion given that solar energy arriving at our planet is at a rate of 100 000 TW over the same time period. This energy is mainly stored in wood and fibres of terrestrial trees and plants. A similar amount of photosynthetic activity occurs in the oceans, but there the fixed carbon is rapidly recycled into the food chain [16] . Therefore, an approximate efficiency of global photosynthesis is 0.2 per cent but with only half Figure 2 . A simplified Z-scheme of the light reactions of photosynthesis taken from http://en.wikipedia.org/wiki/photosynthesis. For every electron extracted from water and transferred to CO 2 , the energy of two photons of light is required. One is absorbed by photosystem II (PSII) that generates a strong oxidizing species (P680 þ ), able to drive the water-splitting reaction and a reduction of pheophytin (Pheo) and then plastoquionel (Q) to plastoquinol (QH 2 ). The other photosystem, photosystem I (PSI) generates a strong reducing species, NADPH, which donates reducing equivalents to CO 2 to produce sugars and other organic molecules, and a weak oxidant P700
þ . Electron and proton flow from QH 2 to P700 þ is aided by the cytochrome b 6 f (Cyt b 6 f ) complex and plastocyanin (PC) and results in the release of energy to convert ADP to ATP. The ATP produced is required, along with NADPH, to convert CO 2 to sugars. Because the production of O 2 requires the splitting of two water molecules, the overall process involves the removal of two electrons per water molecule as shown and therefore four photons per PSII and PSI reaction centre. The reduction of oxidized nicotinamide adenine dinucleotide phosphate (NADP þ ) by PSI is facilitated by membrane bound iron sulfur proteins (F x , F A and F B ) and soluble ferredoxin (F D ).
rsif.royalsocietypublishing.org J R Soc Interface 10: 20120984 being stored in biomass. Of course, it was terrestrial biomass that was the major source of energy for humankind prior to the exploitation of fossil fuels. It is not surprising, therefore, that there is now a growing interest in returning to the use of biomass and biofuels as an alternative to fossil fuels, because their production and use is CO 2 neutral. However, the scale required for satisfying the current global energy requirement is far from attainable because of competing with large-scale food production and general land use needs to sustain a global population of seven billion.
Although it may be possible to engineer plants and other types of photosynthetic organisms (algae) as energy-converting 'machines' and 'chemical factories', the overall efficiency of solar energy conversion will rarely exceed 1 per cent and will usually be much less, so much so that this approach can make only a minor contribution to our future energy requirements. However, the efficiencies of the early photochemical and chemical reactions of photosynthesis, which are not directly involved in biomass production, are significantly higher. Because of this, there are alternative and complementary approaches for using solar energy. For example, it may be possible to develop a highly efficient, artificial, molecularbased, solar-energy-converting technology that exploits the principles of the 'front-end' of natural photosynthesis. Indeed, our knowledge of the natural process is such as to provide a blueprint for the design and assembly of such 'artificial photosynthetic' devices as described in the following sections.
Molecular processes
As emphasized earlier, photosynthesis has produced most of the energy that fuels human society and sustains life on our planet. The process is underpinned by the light-driven water-splitting reaction that occurs in PSII of plants, algae and cyanobacteria (figure 2). Solar energy is absorbed by chlorophyll and other pigments, and is transferred efficiently to the PSII reaction centre where charge separation takes place. This initial conversion of light energy into electrochemical potential occurs in the reaction centre of PSII with a maximum thermodynamic efficiency of about 70 per cent and generates a radical pair state P680
†þ Pheo †2
, where P680 is a chlorophyll a molecule, and Pheo is a pheophytin a molecule (chlorophyll molecule without a Mg ion ligated into its tetrapyrrole head group). The redox potential of P680 †þ is highly oxidizing, estimated to be about þ1.2 V, while that of Pheo †2 is about 20.5 V. The latter is sufficiently negative such that, in principle, it could drive the formation of hydrogen. Instead, the reducing equivalent is passed along an electron transport chain to PSI (figure 2), where it is excited by the energy of a second 'red' photon absorbed by a chlorophyll molecule, known as P700, to lift it to a reducing potential of 21 V or more. In this way, sufficient energy is accumulated to drive the fixation of CO 2 , which not only requires the generation of the reduced 'hydrogen carrier', nicotinamide adenine dinucleotide phosphate (NADPH), but also the energy-rich molecule adenosine triphosphate (ATP) formed by the release of some energy during electron transfer from PSII to PSI (in the form of an electrochemical potential gradient of protons; figures 2 and 3). The P680 †þ species generated in PSII drives the splitting of water at the 'water oxidizing centre' (WOC). It does so by extracting electrons from a catalytic centre composed of a cluster of four manganese (Mn) ions and a calcium ion (Ca 2þ ). The splitting of water into dioxygen and reducing equivalents is a four-electron process and therefore PSII must absorb four photons (4 hn) to drive this half-reaction with PSI also using 4 hn to give sufficient potential for subsequent reductive reactions. 2H 2 
The reducing equivalents leave PSII in the form of plastoquinol (QH 2 ), whereas the dioxygen is released into the atmosphere.
The efficiency of this reaction is high being almost 55 per cent when driven by the energy of 'red' photons but decreases to about 20 per cent when taking into account the fact that light is absorbed across the whole solar spectrum. Of course, in photosynthetic organisms, the reaction can proceed only continuously when the QH 2 molecules are oxidized by the light absorbed by PSI, thus allowing reducing equivalents to be transferred to NADH þ and then to CO 2 . Because of this saturation effect, the quantum efficiency of photosynthetic water splitting is further decreased. The light-driven transfer of electrons and protons from H 2 O to CO 2 involves a number of redox-active cofactors located in the PSII and PSI protein complexes (see figure 3 and its legend for specific details). The transfer of reducing equivalents between PSII and PSI is aided by a third membrane protein complex known as cytochrome b 6 f (Cyt b 6 f ) as detailed in figure 3 . The three complexes, PSI, PSII and Cyt b 6 f, are located in the photosynthetic membrane such that electron flow from water to NADP þ is vectorial, leading to the generation of a proton gradient across the membrane ( figure 3 ). This gradient is used chemiosmotically by a fourth complex, CF 0 -CF 1 , to drive its ATP synthase activity to convert ADP to ATP and thus provide chemical energy for the CO 2 -reduction process (for details, see reference [17] ). In many ways, the photosystems of photosynthesis, including those of anoxygenic photosynthetic bacteria (organisms that do not split water) are highly efficient molecular photovoltaic nanomachines in that they use light energy to bring about electrical charge separation across a membrane of high dielectric strength [18] . The organization of the electron carriers and other cofactors in these nanomolecular devices are optimized to facilitate forward energy-storing reactions and minimizing backward and wasteful-energy-releasing reactions. There is considerable information about these photosystems which indicates that they are structurally and functionally very similar [19, 20] . Indeed, there are aspects of their design that provide a blue print for constructing 'artificial photosynthetic' systems.
Similarly, the light-harvesting systems associated with the photosystems of different types of photosynthetic organisms have common principles for capturing solar energy across the whole of the visible spectrum and facilitating efficient energy transfer to the associated reaction centres with minimum loss of energy. Again, detailed spectroscopic and structural studies have revealed the molecular basis of these systems, details that could also be adopted for designing light-concentrating systems for a new generation of solar-energy-converting technologies [21] .
However, it is the water-splitting reaction of PSII that holds the greatest promise for the development new technologies for converting solar radiation into usable energy, particularly, in generating hydrogen equivalents for reducing CO 2 . In this way, PSII is unique when compared with all other types of photosystems that are far more limited in the redox chemistry they catalyse.
Photosystem II
The photosynthetic water-splitting reaction appeared on our planet about 2.5 billion years ago and was the 'big bang of evolution' since for the first time living organisms had available an inexhaustible supply of 'hydrogen' (in the form of hydrogen equivalents) to convert CO 2 into organic molecules. From that moment, living organisms on the Earth could prosper and diversify on an enormous scale; biology had solved its energy problem and PSII established itself as the 'engine of life' [22] .
Clearly, using solar energy to split water to produce hydrogen equivalents or 'high energy' electrons is also the perfect solution for humankind. In principle, the technology exists today to do this. Electricity can be generated by photovoltaic solar cells and used to carry out the electrolysis of water. With a solar cell efficiency of 10 per cent and 65 per cent efficiency for the electrolytic system, the overall efficiency would be 6.5 per cent. Electrolysis relies on platinum or other catalysts for gas evolution, which are in limiting supply and therefore expensive. At present very little hydrogen is produced by electrolysis because it is more economical to generate from fossil fuels. Similarly, the cost of photovoltaic solar cells marginalizes this route for using solar energy to produce hydrogen directly from water. The challenge is to devise a water-splitting catalyst that is robust and composed of abundant non-toxic materials that work along similar chemical principles to those used by the WOC of PSII.
Because of the importance of understanding the chemistry of the water-splitting reaction of PSII, there has been a wide range of techniques applied to probe the molecular mechanisms involved and to investigate the structure of the catalytic centre (see various articles in references [23, 24] ), being particularly spurred by the recent structural analyses of PSII by X-ray absorption spectroscopy [25] [26] [27] and X-ray crystallography [28 -32] . These studies, coupled with quantum mechanical analyses, have provided a refinement of the structure of the WOC [33] [34] [35] and given detailed schemes for the water-splitting chemistry leading to O -O bond formation [36] [37] [38] [39] [40] [41] [42] [43] .
It is now clear that the water-splitting reaction takes place at a catalytic centre consisting of three Mn ions and a Ca ion forming a cubane-like structure with the four metal ions linked by oxo-bridges. A fourth Mn ion is linked to the cubane by two oxo-bridges and is adjacent to the Ca ion. This general arrangement was first suggested by Ferreira et al. [30] and recently confirmed, refined and improved in a 1.9 Å X-ray derived model [32] (figure 4a). Surrounding the Mn 4 Ca-cluster are a number of amino acid residues that either provide ligands to the metal ions or act to facilitate hydrogen bonding networks that almost certainly play a key role in the deprotonation of the substrate water molecules (figure 4b).
With structural information available, realistic chemical schemes are now being formulated for the water-splitting reaction and the formation of molecular oxygen. It has been known, for some time, that there are at least five intermediate states leading to the formation of dioxygen, known as S-states [44] .
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The sequential advancement from S 0 to S 4 is driven by each photochemical turnover. The progression through the S-states to S 4 results in the storing of four oxidizing equivalents, which are reduced in the final step (S 4 -S 0 ) by four electrons derived from two substrate water molecules with the concomitant formation of dioxygen.
Although the geometry of the Mn 4 Ca-cluster and its exact ligand field characteristics are now known at a high resolution, there has been concern that it represents a more reduced form of the cluster than that of S 0 because free electrons are generated during the collection of the X-ray diffraction data. This concern has been countered by recent studies [45] [46] [47] [48] . Despite some uncertainties about the exact S-state represented by the high-resolution model, it is providing a basis for developing chemical mechanisms for the water oxidation and dioxygen formation. The Mn ion linked to the cubane structure (Mn 4 ) is immediately adjacent to the Ca 2þ and their positioning towards the side chains of several key amino acids, including the redox-active Y Z , suggests that they provide the 'catalytic' surface for binding the substrate water molecules and their subsequent oxidation. Indeed, the 1.9 Å structure has revealed two water molecules bound to each of the ions. In fact, they are the only water molecules directly ligated to the metal cluster. One well-championed mechanism suggests that the substrate water, associated with Mn 4 , is deprotonated during the S-state cycle and converted into a highly electrophilic oxo (figure 5a) [36] [37] [38] [39] [40] .
This mechanism is dependent on Mn 4 being converted to a high oxidation state ( possible Mn(V)) during progression to the S 4 -state just prior to O -O bond formation. The other three Mn ions are progressively driven into high valency states (Mn(IV)) and act as a further 'oxidizing battery' for the Mn(V)-oxo species in the S 4 -state. In this way, the reactive oxo is electron deficient, so much so that it makes an ideal target for a nucleophilic attack by the oxygen of the second substrate water bound within the coordination sphere of the Ca 2þ ( figure 5a ).
An alternative mechanism proposed by Siegbahn, which is based on in depth DFT calculations, suggests that an oxo-radical forms within the Mn 3 CaO 4 -cubane and attacks a bridging oxo species to form the O -O bond (figure 5b) [41 -43] . The DFT calculations did not support the alternative mechanism shown in figure 5a, and experimental support has recently emerged in favour of the Siegbahn mechanism [49, 50] .
Hydrogenases
Many microorganisms, including some which have photosynthetic activity, have the ability to either extract electrons from hydrogen molecules to power their metabolism or remove excess low-potential electrons by reducing protons and releasing hydrogen. This microbial inter-conversion between hydrogen consumption and release is efficiently mediated by metalloenzymes, named hydrogenases. (figure 6a) [51] [52] [53] . These active sites are buried within the specific protein environments that function to tune the catalytic activity. The transfer of protons and molecular hydrogen is facilitated by a specific proton transfer pathway and by gas channels, whereas the [FeS] clusters ensure the transfer of electrons between ferredoxin, the redox mediator bound to the protein surface and the catalytic site (figure 6b) [55] . As shown by electrochemical studies, hydrogenases are as electrocatalytically active as platinum nanoparticles are for hydrogen evolution and uptake [56] .
A simplified mechanism for the proton-reduction reaction in [FeFe]-hydrogenase is given in figure 7 [57] [58] [59] . The first step is thought to be the protonation of the azapropanedithiolate ligand that lowers the redox potential of the catalytic centre, commonly referred to as H-cluster. Reduction of this protonated system results in the formation of a highly active terminal hydride that rapidly generates hydrogen gas via a heterolysis mechanism once in contact with a proton. The specific protein environment is believed to place constraints on the H-cluster to adopt the CO-bridged conformation and rsif.royalsocietypublishing.org J R Soc Interface 10: 20120984 avoid the tautomerization of terminal hydride into the more thermodynamically stable bridged hydride isomer [60] . This could well be the main reason for the impressive catalytic activities of [FeFe]-hydrogenase for hydrogen evolution with TOF up to 9000 s 21 [61] .
In the case of [NiFe]-hydrogenases, the protonation site could be sulfur atoms of cysteine ligands, either bridged or terminal, and the redox platform was proposed to be located on the Ni II centre rather than on Fe II . Details of the proposed mechanistic cycle for proton reduction in this enzyme can be found in recent reviews [55, 57, 58, 62] . The hydrogenases have been investigated as an alternative to platinum in an electrolyser and in a proton exchange membrane fuel cell [63] . However, scaling up the application of hydrogenases for catalysis technology is not practical given its oxygen sensitivity, the requirement for large-scale cultivation of organisms and difficulties in isolation of active enzyme and the overall lack of robustness for long-term operation. Nevertheless, because hydrogenases are highly catalytically active and use metals that are abundant in the Earth's crust (Fe and Ni), there are considerable efforts to mimic these enzymes by the synthesis of molecular catalysts. Indeed, considerable progress has been made with this challenge and several functional organometallic catalysts containing Ni, Fe and/or Co have been reported that show structural and/or functional features similar to those of the hydrogenases catalytic sites [64] [65] [66] [67] . Some of these have been integrated within photo-activated systems for hydrogen generation [65] [66] [67] . We will discuss these successes in more detail in §4.
Artificial photosynthesis
While some progress has been made in mimicking photosynthesis in artificial systems, researchers have not yet developed components that are both efficient and robust for incorporation into a working system for capturing and storing solar energy in chemical bonds on a large scale as does natural photosynthesis. To date, the main focus has been to design and synthesize electrocatalysts that can be linked to a lightdriven charge separation system [68] . Dyes have been used for the latter, but inorganic semiconductors offer a more realistic and robust approach for providing the oxidizing and/or reducing potentials necessary to split water and power reductive chemistry. Indeed, rational engineering of semiconductors to efficiently capture and stabilize the energy of solar radiation for driving multi-electron chemistry is currently a great challenge of material sciences.
In the following sections, we first discuss the design and use of semiconductors as a simple photocatalyst for watersplitting and hydrogen-generation processes. Hydrogen can be used directly as a fuel but also used to reduce CO 2 to formic acid or carbon monoxide as precursors for higher molecular weight carbon compounds as discussed by Benson et al. [69] . Although the generation of high-energy carbon containing fuels, such as methanol is desirable, the multielectron nature of the CO 2 -reduction process adds additional complexity compared with that for hydrogen production [68] and in this study, we restrict ourselves to latter fuel. In so doing, we discuss how an electrocatalyst could be linked to a semiconductor to enhance or promote the chemical reactions on the semiconductor surface. We end by considering the possibilities of integrating separated components ( photocatalyst/photoelectrode) into a complete device that can split water into oxygen and hydrogen using only photon energy. Even though there have been demonstration systems, there remains the challenge of scaling up to a meaningful levels and reaching conversion efficiencies of at least 10 per cent.
Semiconductor: simple artificial photocatalyst
Semiconductors with the appropriate electronic properties can capture solar photons by charge separation between their valence and conduction bands, thus generating the power required for driving chemical reactions at their surfaces. In this way, a semiconductor functions in a similar manner to the reaction centre of natural photosynthesis ( figure 2 and  figure 8a ). There are some semiconductors that on illumination can provide sufficient electrochemical potential to drive the water oxidation and/or proton-reduction reactions without the requirement of an electrocatalyst. Moreover, being inorganic materials means that they are usually photochemically stable that make them good candidates for developing robust technology for large-scale solar fuel production.
Since the pioneering work reported by Fujishima & Honda [70] using a TiO 2 photoanode for water splitting, several families of semiconductor have been investigated. They include metal oxides (Cu 2 O, TiO 2 , Fe 2 O 3 , WO 3 , BiVO 4 ), metal sulfides (CdS, CdZnS) and chalcopyrites (CuInS, CuGaS) [71, 72] . Large band gap semiconductors (more than 3 eV) such as TiO 2 and graphitic carbon nitride g-C 3 N 4 can be suitable for driving the overall water-splitting process. However, these materials absorb only UV and near-to-UV light, which is a small portion Figure 8 . Schematic of how semiconducting materials can be used as photocatalysts for water oxidation and hydrogen generation. Large band gap semiconductors can be used without (a) or with electrocatalysts Cat1 and Cat2 (b). Two narrow band gap semiconductors could be wired in a Z-scheme tandem configuration (c).
rsif.royalsocietypublishing.org J R Soc Interface 10: 20120984 of the solar spectrum at the Earth's surface. Considerable efforts are currently underway to extend the absorption of these materials to the visible light region. Elemental doping, rational nanostructuring and surface functionalization are among the strategies to induce appropriate absorption shifts to longer wavelengths [73] [74] [75] . Narrow band gap materials such as Fe 2 O 3 (2.2 eV) and Cu 2 O (2.0 -2.2 eV) match well with the absorption of visible light. However, the energies of their valence and conduction bands are usually not appropriate for driving the overall water-splitting process to generate both molecular O 2 and H 2 at the same time. Some of them, for example a-Fe 2 O 3 , have their conduction band energies lying at a more positive potential than the reduction potential required to convert protons to hydrogen, whereas others, e.g. Cu 2 O, have the energy of their valence bands positioned at more negative potentials than required for water oxidation. Consequently, these materials can be used only for the half-reaction: either photo-driven water oxidation or hydrogen evolution. To construct a complete system for the overall water-splitting process, the two matching narrow band gap materials must be wired in a tandem configuration (figure 8c) akin to PSII and PSI in the Z-scheme (figure 2). In this case, as with natural photosynthesis, the energy of two photons is required for each overall electron transfer, thus decreasing the efficiency of the charge separation reaction by 50 per cent. Another issue concerning narrow band gap semiconductors being studied at the moment is their photochemical instability. Nevertheless, rational nanostructuring is proving to be a valuable approach to overcome the stability problem [76, 77] .
It is worth mentioning that charge recombination within, and on the surface, of semiconductors can often be a key factor controlling the photo-to-energy conversion efficiency. In the reaction centres of natural photosynthesis, the recombination reactions are minimized by subsequent rapid secondary electron transfer steps. This concept of optimization of charge separation has also been successfully applied in semiconductor engineering. Charge separation within a semiconductor can be enhanced by combining with another appropriate semiconductor in a pn junction system [76] or interfacing with an electron acceptor, e.g. graphene, carbon nanotubes [77, 78] . Enhancing charge separation efficiency can be addressed by dealing with the intrinsic conductivity of a semiconductor by elemental doping [79, 80] or by effacing the semiconductor surface defects by applying a thin oxide layer [81 -83] .
To accelerate chemical reactions on the semiconductor surface, loading of an oxygen-evolving catalyst (OEC) and a catalyst for hydrogen evolution reaction (HER) is often beneficial (figure 8b,c). In these hybrid systems, the OEC and HER catalysts extract generated holes (oxidizing equivalent) and electrons (reducing equivalents) from the semiconductor and subsequently drive the water oxidation and the HER on its surface. In §4.2, we will discuss how catalysts such as enzymes and their biomimetic synthetic equivalents have been linked to semiconductors for engineering hybrid photocatalysts.
Hybrid photocatalysts for water oxidation and oxygen evolution
A dinuclear ruthenium complex (the blue dimer) was the first example of a molecular catalyst that could electrochemically split water into O 2 , protons and electrons [84] . Since then, considerable efforts have been focused on designing appropriate organic ligands to improve the activity and stability of related Ru-based catalysts. The most striking success was recently reported by Sun and co-workers [85] , who synthesized a super Ru-complex that catalyses the oxygen evolution reaction at a rate comparable with that of PSII. Given that ruthenium is not an abundant metal, attention has been focused on the design and synthesis of watersplitting catalysts composed of readily available elements such as Mn, Co, Fe [66, 67, 86] . Remarkable advances were recently achieved by Agapie and co-worker [87] and Christou and co-worker [88] in the synthesis of Mn 3 CaO 4 -clusters (figure 9a,b) geometrically very closely resembling the Mn 4 Ca-cluster of PSII. These PSII-mimics have yet to be investigated for any catalytic activity and almost certainly will require further modification of their coordination spheres to give stability and facilitate efficient water-splitting properties. Indeed, stability under catalytic functional conditions, at high oxidative potential, is a critical issue for all known organometallic water oxidation catalysts. To address this issue, one possible solution is to use all-inorganic catalysts that do not contain any fragile organic ligands in their structures. For example, Hill and co-workers [89] demonstrated the possibility of using polyoxometallate ligands to stabilize a O -O bond forming catalytic centre composed of a cobalt oxide core (Co 4 O 4 ; figure 9c ). Cobalt-and nickel-based systems, together with inorganic anionic ligands acting as good proton transfer agents, have been developed by Nocera and co-workers [90, 94] and demonstrated to be very impressive catalysts for water oxidation. The cobalt-oxidephosphate catalyst they discovered (CoPi) functions in a neutral pH solution with an overpotential of only ca 400 mV (figure 9d). Interestingly, this solid-state catalyst is made up of cubic structures with oxo-bridging, therefore showing structural similarities to the geometry of the Mn 4 Ca-cluster of PSII [95, 96] . A very important property of this CoPi catalyst is its ability to self-repair which is reminiscent of the property of PSII to do the same [97] .
Taking a different approach, Frei & Jiao [98, 99] have demonstrated that a silica scaffold is a good support for stabilizing and activating cobalt-oxide or manganese-oxide nanoparticles for water-splitting activity.
Immobilizing an OEC onto an n-type semiconductor surface to engineer a photoanode or a photocatalyst for water splitting can be accomplished by adopting several different strategies. Organometallic molecular catalysts can be simply absorbed via a physical process [100, 101] or covalently grafted via a robust chemical linker (figure 10a) [102, 103] . The latter approach usually requires a complicated and expensive synthesis to introduce appropriate grafting anchors to the catalyst [108] . However, such systems are likely to be more robust compared with those relying on physical adsorption, thanks to the stabilizing effect of having a linker present.
In the case of inorganic-based OEC catalysts, physical adsorption onto the semiconductor surface can be very satisfactory. For example, by taking this approach, it was reported that spinel Co 3 O 4 nanoparticles were homogeneously incorporated within a mesoporous g-C 3 N 4 matrix resulting in an efficient Co 3 O 4 /g-C 3 N 4 photocatalyst [109] . Alternatively, spinel Co 3 O 4 catalyst can be directly co-grown with the a-Fe 2 O 3 nanowires via a hydrothermal process (figure 10b) [104] . However, electrodeposition and photo-assisted rsif.royalsocietypublishing.org J R Soc Interface 10: 20120984 electrodeposition seem to be a better approach to introduce cobalt-oxide-based catalysts onto the surface of photoanodes such as Fe 2 O 3 , ZnO, WO 3 [110 -112] . There is evidence that the photo-assisted method provides a well-controlled deposition of CoPi for the construction of a photoanode. For example, a better performance was achieved for a a-Fe 2 O 3 / CoPi when using photo-assisted electrodeposition compared with a a-Fe 2 O 3 /CoPi electrodeposition [110] .
Despite successes with cobalt-oxide-based catalysts deposited in nanoparticles form, they suffer from not having a robust linker to the semiconductor surface. Thus, during catalytic turnover with the production of O 2 bubbles at the surface, detachment of these catalysts can occur over time. Introducing a covalent linker, as in the case of molecular organo-metallic catalysts, is unlikely to be a credible solution because chemical functionalization changes the Figure 9 . Selected synthetic electrocatalysts that mimic the [Mn 4 Ca]-cluster and the active sites of hydrogenases. Synthetic [Mn 3 CaO 4 ]-clusters designed by Agapie and co-workers (a) [87] and Christou and co-workers (b) [88] ; Co 4 O 16 core stabilized within [PW 9 O 34 ] ligand synthesized by Hill and co-workers (c) [89] ; Nocera CoPi solid catalyst and its proposed atomic structure (d) [90] ; synthetic [FeFe] and [NiFe] models designed by Pickett and co-workers [91] and Ogo and co-workers [92] (e) and (f ); bioinspired model designed by Dubois and co-workers (g) [93] . Figure 10 . Selected hybrid photocatalysts/photoelectrodes engineered by assembling an OEC or a HER catalyst with a semiconductor. Ir-molecular OEC catalyst covalently grafted onto a dye-sensitized TiO 2 electrode (a) [102, 103] ; Co 3 O 4 OEC within a-Fe 2 O 3 nanowires photoanode (b) [104] ; immobilization of a [NiFeSe]-hydrogenase onto dye-sensitized TiO 2 nanoparticles (c) [105] ; immobilization of a synthetic FeFe-molecular HER catalyst within a mesoporous InP electrode (d ) [106] ; Si/MoS 2 photocathode (e) [107] .
surface properties of nanoparticles and therefore likely to change their catalytic activities. Therefore, a system that is self-repairing under functional conditions is ideal as in the case of the Nocera CoPi OEC catalyst.
Hybrid photocatalysts for proton reduction and hydrogen evolution
An example of integrating isolated natural hydrogenase within a photocatalytic system was demonstrated by Armstrong and co-workers [105] when they immobilized a [NiFeSe]-hydrogenase from Desulfomicrobium baculatum on to the surface of Ru-dye-sensitized TiO 2 nanoparticles ( figure 10c ). This photocatalyst produced H 2 when illuminated with visible light in the presence of a sacrificial electron donor. However, owing to the large geometric size of hydrogenases, the level of loading onto the semiconductor surface was low, thus limiting the efficiency of this approach. Moreover, as mentioned earlier, the instability of this class of isolated enzymes and their sensitivity to oxygen, makes this biological approach unlikely for technological advancement. In addition, the requirement for large quantities of isolated enzyme is not conducive for a technology to produce solar fuel at worthwhile levels. A possible solution is to use small and more robust molecular catalysts (figure 9e-g) [91] [92] [93] that mimic the catalytic active site of the hydrogenases and hybridize them with a p-type semiconductor. As in the case of molecular OEC, the hybridization could be accomplished by either a non-covalent or a covalent grafting. The first demonstration of this approach was reported by Nann et al. [106] when they adsorbed a Fe 2 S 2 (CO) 6 , the simplest mimicking equivalent of the [FeFe]-hydrogenase, with a mesoporous p-type InP photoelectrode (figure 10d). Cobaloxime, a bioinspired equivalent of hydrogenases, was also successfully integrated with an organic dyesensitized-NiO or a Ru-dye-sensitized TiO 2 electrode via either non-covalent [113] or covalent grafting [114] . However, these photocathodes showed moderate efficiency; typical photocurrents of only a few microamperes were obtained. Several reasons can explain this low photon-to-energy conversion efficiency, including moderate photo-to-current conversion of a dye-sensitized electrode interfacing with an aqueous solution, 1 low overpotential provided by the conduction band of TiO 2 and low electrocatalytic activities of FeFe or cobaloxime catalyst in aqueous solution, especially in weak acidic conditions. Therefore, further efforts are required to address the low activities of synthetic molecular HER catalysts in aqueous, near-to-neutral pH solution. Covalently grafting these molecular catalysts onto a visible light-absorbing p-type semiconductor, such as Cu 2 O or CuInS(Se) could be of interest, because these semiconductors provide large reductive potential (thanks to their favourable conduction band energies).
While using hydrogenases and their mimics are still in the very early stages of proof-of-concept, all-inorganic HER electrocatalysts seem to be better candidates for interfacing with appropriate semiconductors. Nanoclusters of Ni, Co and their alloys with molybdenum were demonstrated to be potential electrocatalysts for HER [116, 117] . Interfacing NiMo alloy nanoparticles with Si microarrays resulted in an effective photocathode that produced impressive photocurrents in the region of 15 mA cm 22 at 0 V versus reversible hydrogen electrode (RHE) powered by one Sun illumination [118] . Recently, NiMoZn was used for construction of the Si triple junction artificial leaf (see §4.4 and figure 11c ) [121] . The chemical dissolution of Mo in an alkaline solution resulted in production of highly porous and thus, highly active NiMoZn catalyst. Recently, MoS 2 has emerged as one of the most promising noble-metal-free electrocatalysts for HER. This catalyst functions over a wide range of pH solutions ( pH 0-13) with low over-potential requirement (ca 100-200 mV) [123, 124] . It can be introduced to a semiconductor surface via a thermal deposition [125] , electrodeposition [126] or a photo-assisted deposition process [107] . On a Si nanowire electrode or on CdS nanopowder surface, MoS 2 is as efficient as Pt nanoparticles for hydrogen photogeneration (figure 10e) [107, 125] . Moreover, MoS 2 is chemically and photochemically stable, thus making the engineering of a robust photocatalyst/ photoelectrode feasible.
Constructing a complete photocatalytic system for oxygen and hydrogen generation from water
The ultimate goal of artificial photosynthesis research is to construct a viable photocatalyst or photocatalytic system that can convert solar irradiation into hydrogen via the water-splitting process without the requirement of any external bias. To date, only a few examples of such systems have been reported and all still function with low solar-to-fuel conversion efficiency. These systems can be divided into three main classes: (i) suspended nanopowder photocatalysts, (ii) photoelectrochemical cells (PECs), and (iii) photovoltaic cell-driven electrolysers.
(i) As mentioned above, some large band gap semiconductors such as TiO 2 or g-C 3 N 4 can split water into oxygen Figure 11 . Selected complete devices for the overall water-splitting process. A PEC consisted of a dye-sensitized TiO 2 photoanode and a hydrogenase cathode (a) [119] ; a PEC with two photoelectrodes in the tandem configuration (b) [120] ; the artificial leaf constructed from an amorphous Si triple junction solar cell and appropriate OEC and HER catalysts (c) [121, 122] .
and hydrogen under UV or near-to-UV illumination without requirement of any electrocatalyst. Introducing an OEC and/ or HER catalyst on the surface of these semiconductors enhances their photocatalytic activities. [127, 128] . However, the noble metal oxides are not abundant and therefore are expensive. An alternative approach has recently emerged involving the use of single metal oxide catalysts. Domen and co-workers [129] reported that a NiO x -loaded-SrTiO 3 acted as an artificial photocatalyst for the overall water-splitting process producing both oxygen and hydrogen on illumination. Recent investigations revealed that some of NiO x is reduced by electrons generated in the conduction band of SrTiO 2 resulting in Ni 0 clusters [117] . Therefore, the NiO x /SrTiO 3 system was converted in situ into NiO x /SrTiO 3 /Ni nanoscale 'artificial leaf' in which Ni acts as a HER catalyst, whereas NiO x acts as an OEC. A similar inter-conversion between OEC and HER activities governed by oxidizing or reducing potential could also allow a cobalt-oxide-phosphate system to function in a single device [130] . Another approach is to use oxygen-and hydrogenproducing electrocatalysts deposited onto two different semiconductors and 'wired' into a complete photocatalytic system for the overall water-splitting process (figure 11a). By doing this, two low-energy semiconductors can be used in a tandem configuration (figure 8c). The two nanopowder photocatalysts would be electrically connected by either a hard wire (a solid wire such as graphene sheet) [131] or a soft-wire (a soluble redox couple such as IO 3 2 /I 2 ) [132] [133] [134] . In principle, by using a soluble electron shuttle, it is possible to separate water oxidation photocatalysts and hydrogen evolution photocatalysts into two compartments. Such an arrangement allows the separating of H 2 and O 2 products that is not possible when using a single large band gap semiconductor with HER and OEC catalysts co-loaded. Indeed, production of a H 2 /O 2 mixture is not ideal for large-scale application for safety reasons.
(ii) PEC system. A PEC cell for water-splitting application should contain a photoanode for extracting electrons from water using solar irradiation as the energy source and a photocathode or a cathode to use these reductive electrons for the hydrogen-generation reaction. The ideal cathode material is platinum and it was used by Fujishima & Honda [70] in their classic work with TiO 2 . As stated earlier, hydrogenase is an electrocatalyst as active as Pt [56] . Indeed, an effective PEC was constructed by Moore et al. [119] using a hydrogenase-decorated carbon fibre electrode with a dyesensitized TiO 2 photoanode (figure 11a). Both Pt and hydrogenase function with near-to-zero over-potential requirement. As a result, electrons in the TiO 2 conduction band possess enough reductive potential for the HER with these catalysts. However, to replace the Pt or hydrogenase by a robust electrocatalyst engineered from abundant chemicals such as NiP 4 [135] , MoS 2 [124] or Cu 2 MoS 4 [136] , a photoanode material that possesses a more negative conduction band is required. Examples on such designs have not yet been reported.
Alternatively, low-energy conduction band photoanodes can be wired to a photocathode in a tandem configuration (figure 11b) [120] . By doing so, electrons generated by the photoanode can be further energized by the photocathode so as to provide enough reductive potential to power platinum-free or hydrogenase-free HER electrocatalysis leading to hydrogen production. To make full use of the visible spectrum, a blue-light-absorbing material should ideally be used for the photoanode while the photocathode should be made of a red-light-absorbing material. The two electrodes can be on opposite sides of a proton transfer membrane, e.g. Nafion, and thus allow separation of H 2 and O 2 products as well as managing proton transportation from the photoanode to the ( photo)cathode. In principle, with a proton exchange membrane, it should be possible to engineer a PEC cell with two compartments at different pHs. Indeed, in general, an alkaline solution is preferred for anodic function, whereas acidic solution is preferred for cathodic reactions. However, with the perspective of a large-scale solar hydrogen production, a PEC with two electrodes functioning in neutral or near-to-neutral pH solutions, and if possible with sea water, is desirable. To this end, further efforts are needed to improve the activities of current photoelectrode materials as well as electrocatalysts. At the current stage of development, several potential photoanodes and photocathodes are being investigated as separate entities. The ultimate goal is to screen these systems for the possibility of combining them into a fully assembled PEC device along the lines described below.
(iii) Photovoltaic-electrolyser combination. Coupling a Si solar cell or a dye-sensitized solar cell to an electrolyser could be a possible technological solution to initially convert solar radiation into electricity and then use this electrical energy to split water into hydrogen and oxygen via classical electrolysis. It is still not clear whether this configuration is more efficient than a photocatalyst or a PEC type system and whether cost and practical considerations will identify the most effective route for solar fuel production on a large scale.
Rocheleau et al. [122] and more recently Nocera and coworkers [121] reported a relatively simple PEC system that effectively used sunlight to split water into oxygen and hydrogen. This 'artificial leaf' was constructed by direct deposition of two electrocatalysts onto the sides of an amorphous triple junction Si solar cell (figure 11c). The OEC, consisting of either a NiFe x O y or CoPi catalyst, was deposited onto a ITO layer on one surface of Si wafer, whereas the HER catalyst, a CoMo alloy or NiMoZn, was assembled on steel plate in contact with the other side of the Si wafer. On illuminating the Si solar cell, charge separation occurred within the triple junction cell. The positive holes in the valence band extracted electrons from water with the aid of the OEC. The negative charges present in the conduction band were transferred into the HER catalyst to mediate the reduction of protons into hydrogen. Although not fully optimized, these two examples of a working 'artificial leaf' system had an overall photon-to-hydrogen conversion efficiency of ca 7.8 per cent [122] . These two examples were also demonstrated to be robust under outdoor test conditions for thousands of hours. Although it is still early days, these devices represent rsif.royalsocietypublishing.org J R Soc Interface 10: 20120984 a significant advance in the ultimate goal to engineer a robust artificial photosynthetic system composed of Earth's abundant elements to harvest and convert sunlight into hydrogen with a desired efficiency of 10 per cent or more.
Conclusions
It is anticipated that the global demand for energy will more than double by the mid-century and perhaps more than triple by the end of the century. Satisfying this demand will be necessary in order to achieve vibrant technological progress, economic growth and most importantly, political stability over the coming decades. Already we are faced with the prospect of catastrophic climate change owing to the release of CO 2 into the atmosphere brought about by the burning of fossil fuels. In the short-term, we must exploit all technologies known to us to produce energy while at the same time reduce CO 2 emission. The nature of mix of the approaches adopted will vary between different countries depending on their resources and populations with some dominating factors (e.g. geothermal in Iceland, biomass in Brazil, etc.). Coupled with this, challenge is to use energy more efficiently. Here again, we can learn from nature. In biology, the 'combustion' of fuel (food) is accomplished isothermally by highly efficient and subtle biological reactions involving a host of clever enzymes. For example, when the 'hydrogen' of glucose is combined with oxygen during the process of respiration to produce water and CO 2 For the long term, we will have very few options to replace fossil fuels and satisfy the increased energy demands of a global population of 10 billion or more. Renewables such as hydropower, wind, wave, geothermal and biomass will not be able to supply energy equivalent to 20 TW even when taken together [4] . Nuclear fission is a short-term solution but in the long-run will probably not be a realistic option. Nuclear fusion is a possibility but the construction of a working reactor is proving problematic. Nevertheless, we must continue to explore this potential technology with the hope that it will come on stream sooner or later. However, there is another nuclear reaction that is already up and running, namely the Sun. Our sun is the champion of energy sources: delivering more energy to the Earth in an hour than we currently use in a year from fossil, nuclear and all renewable sources combined. Its energy supply is inexhaustible in human terms, more or less evenly distributed globally and its use is harmless to our environment and climate.
The enormous untapped potential of solar energy is an opportunity that should be addressed with urgency. Biology chose this energy source, and there is no reason why the chemical reactions devised by photosynthetic organisms cannot be mimicked by the ingenuity of humans. We already have a considerable knowledge base and the emerging nanotechnologies to exploit. With a concerted input of the talents of scientists trained in different disciplines, it should be possible to move the technologies of solar energy capture and storage forward. The recognition of Manhattan-or Apollo-like initiatives to develop new sustainable energy technologies in response to the CO 2 problem as suggested by Hoffert et al. [2] should be the driver for encouraging basic and applied research in this area. As outlined in this study, significant progress is being made although the overall challenge to go from micro-to macroscale should not be underestimated.
Endnote
1 In a Graetzel solar cell, the dye-sensitized TiO 2 electrode is interfaced with acetonitrile or an ionic liquid solution and the holes generated are efficiently quenched by I 2 [115] .
